Abstract: Mahula (Madhuca latifolia L.) is a deciduous tree commonly found in the tropical rain forests of Asian and Australian continent. Corolla, the edible part of its flowers, is rich in fermentable sugar (37 ± 0.23%; on dry weight basis). Batch fermentation of mahula flowers was carried out using Zymomonas mobilis MTCC 92 free cells and cells immobilized in calcium alginate matrix. The ethanol productions were 122.9 ± 0.972 and 134.6 ± 0.104 g/kg flowers on dry weight basis using free and immobilized cells, respectively, after 96 h of fermentation, which showed that cells entrapped in calcium alginate matrix yielded 8.7% more ethanol than free cells. Further, the immobilized cells were physiologically active up to three more cycles of fermentation producing 132.7 ± 0.095, 130.5 ± 0.09 and 128.7 ± 0.056 g ethanol per kg flower in first, second and third cycle, respectively.
Introduction
The increasing need for ethanol as an energy source has stimulated world-wide investigations in search of cheaper substrates for bulk ethanol production. A number of less expensive substrates such as corn residue (Lawford & Rousseau 1992) , cassava bagasse (Nellaiah & Gunasekaran 1992) , pine apple (Tanaka et al. 1999 ) and jerusalem artichoke juice (Kim & Rhee 1990) , mahula flowers (Swain et al. 2007; Behera et al. 2010) and sugarcane molasses (Doelle 1990 ) have been used for such purpose.
In this context, mahula (Madhuca latifolia L.) flowers prove to be a useful bio-resource (US$ 35-40 tonne −1 ) for ethanol production through fermentation (Swain et al. 2007; Mohanty et al. 2008) . Mahula is a deciduous tree commonly found in the tropical rain forests of Asian and Australian continent. The tree, its flowers and seeds have been very useful in Indian subcontinental economy for a long time. The corolla, the edible part of its flower, is rich in fermentable sugars (37%; on dry weight basis), which can be utilized as a carbohydrate source for bio-ethanol production (Swain et al. 2007 ). The annual production of mahula flowers in India during 1997-1998 was about 45,000 Mtonnes (www.iied.org/pubs/pdfs/G02279.pdf), which has remained constant during (Swain et al. 2007 ).
Bio-ethanol can be produced using either free or immobilized cells (Carvalho et al. 2002) . Immobilization of whole cells for ethanol production offers several advantages, i.e.: (i) it is easy to separate cell mass from the bulk liquid for possible reuse; (ii) it facilitates continuous operation over a prolonged period; (iii) it enhances reactor productivity; (iv) it ensures higher efficiency of catalysis; etc. (Selvakumar et al. 1994) . A number of carrier materials have been used for entrapping microbial cells for bio-product production (Kar et al. 2009 ). The most suitable carriers for cell immobilization is entrapment in calcium alginate as bead (Adinarayana et al. 2005; Kar & Ray 2008 ) because this technique is simple and cost effective (Kourkoutas et al. 2004) . Sodium alginate, the precursor of calcium alginate, is readily available and is a non-toxic chemical. Therefore, it is most suitable as an immobilization matrix for entrapping biomolecules and microorganisms (Bashay 2003) . Traditionally, the yeast Saccharomyces cerevisiae has been used all over the world as the major ethanol fermenting microorganism (Davis et al. 2005) . However, in recent years, research is being focused on processes involving the gram-negative anaerobic bacterium, Zymomonas mobilis, because of its better fermentation attributes, such as high specific rates of sugar uptake as well as that it converts sugar almost stoichiometrically to ethanol and CO 2 , grows more rapidly and demonstrates highest ethanol productivity during fermenta-tion when compared to other fermentation organisms (Queresi & Manderson 1995; Rogers et al. 1997; Davis et al. 2005 Davis et al. , 2006 . Further, the ethanol tolerance of Zymomonas spp. is as good as or even better (up to 16% v/v) that of S. cerevisiae (Busche et al. 1992; Davis et al. 2006) and it produces less by-products (Nowak & Roszyk 1997) . However, its catabolising capabilities are restricted to a few substrates, such as glucose, fructose, maltose and sucrose (Ruanglek et al. 2006) . Z.mobilis may have, therefore, a greater potential for industrial ethanol production from raw sugar, sugarcane juice and sugarcane syrup (Lee & Huang 2000) as well as sugarrich substrate like mahula flowers. Although ethanol production by free and immobilized cells of Z. mobilis has been studied using various substrates, i.e. molasses (Panesar et al. 2001 ), paper sludge (Yamashita et al 2008) and cassava chips and flour (Nellaiah & Gunasekaran 1992) , there is no comparative study on ethanol production from mahula flowers.
In this study, the bio-ethanol production from mahula flowers using Z. mobilis MTCC 92 free and immobilized cells in calcium alginate matrix has been studied, and a comparison has been made on the growth and fermentation kinetics between the free and immobilized bacterial cells.
Material and methods

Mahula flowers
Fresh mahula flowers were collected from the forests of Keonjhar district of Orissa, India, during March-April, 2008. The flowers were brought to the Microbiology Laboratory of Central Tuber Crops Research Institute, Bhubaneswar, Orissa, India, washed in tap water to get rid of dust and other debris and sun-dried in open for 7 days to reduce the moisture content to 25%. The sun-dried flowers collected from various locations were mixed thoroughly before being used for ethanol fermentation. The sun-dried flowers have the following compositions (expressed in g/100 g on dry weight basis): moisture, 24.9 ± 0.28; starch, 0.9 ± 0.007; total sugar (glucose, fructose, sucrose and maltose), 37 ± 0.23; crude protein, 6.5 ± 0.27; crude fiber, 15.3 ± 0.5; total ash, 1.8 ± 0.31; undetermined solids, 12.15 ± 0.62. The pH of the mahula flower was measured in slurry prepared with flower:water in 1:5 ratio.
Microorganism and culture condition Zymomonas mobilis MTCC 92, procured from the Institute of Microbial Technology, Chandigarh, India was maintained on Z. mobilis-specific medium (g/L): glucose, 100; yeast extract, 2; urea, 1; KH2PO4, 1; MgSO4 · 7H2O, 0.5; agar, 15; and the pH was adjusted to 6.5. The culture was stored at 4 ± 0.5
• C for further use.
Preparation of starter culture
The starter culture was prepared in 100 mL growth medium (as mentioned above but without agar) taken in sterilized (at 121
• C for 20 min) 250 mL Erlenmeyer flask. The flask was inoculated with a loopful of the Z. mobilis culture and incubated at 30
• C for 24 h under stationary conditions. This served as the starter culture for free cells for ethanol production. Bacterial cells were immobilized in sodium alginate solution and multiplied on the gel beads as described in the following section.
Immobilization method
Sixty mL of bacterial starter culture (prepared as above), was centrifuged at 8,000 rpm for 20 min in a refrigerated centrifuge (Model C-24, Remi Pvt., Ltd, Bombay, India), washed and then the pellets were suspended with 60 mL of deionized water. The cell suspension was used for cell immobilization. The Z. mobilis cell suspension (1 × 10 5 CFU/mL) was added to 4% (w/v) sodium alginate solutions in 1:1 (v/v) ratio and mixed thoroughly. The cell-alginate mixture was then cast into beads by dropping from a hypodermic syringe into cold sterile 0.1 M CaCl2 solution. These beads had a diameter of approximately 3.0 mm and were hardened by keeping in the dilute (0.1 M) CaCl2 solution for 24 h at 4
• C with gentle agitation (Kar & Ray 2008) . Finally, these beads were washed with sterile distilled water to remove excess Ca 2+ ions and unentrapped cells, before being used for the fermentation process. The flow-chart for Z. mobilis cell immobilization method in calcium alginate matrix is given in Figure 1 .
Multiplication of immobilized bacterial cells
In order to obtain a high cell density, the immobilized beads containing bacterial cells were immersed in the Zymomonas mobilis-specific medium broth for 24 h at 30
• C and the cell population in the immobilization had increased from 10 5 to 10 8 cells/g of gel.
Fermentation medium
Mahula flowers (100 g) were grinded (flower:water ratio 1:5, w/v) in a mixer-grinder (TTK Prestige, Ltd., Bangalore, India) to make slurry. (NH4)2SO4 was added to the slurry at the rate of 1 g/L as a source of nitrogen for growth of Zymomonas and subsequently, the pH was adjusted to 6.5 with the addition of 1 N NaOH. Then the slurry (600 mL) taken in 1 L Erlenmeyer flasks was inoculated with 60 mL (10% v/v) of inoculum [free cell and equivalent amount of immobilized cell (dry weight basis)]. Triplicate flasks (n=3) were incubated for 96 h at the room temperature (30 ± 2
• C) for each of the free and immobilized cell experiment.
Analytical methods
At 24 h interval, fermented broths (in triplicate) were removed and the contents were analyzed for total sugar and ethanol. The ethanol content of the fermented broth was determined by measuring specific gravity of the distillate according to the procedure described by Amerine & Ough (1984) . The total sugar was assayed by Anthrone method (Mahadevan & Sridhar 1999) . The pH was measured by a pH meter (Systronics, Ahmadabad, India) using glass electrode. The bacterial cell population was counted using a haemocytometer.
Cell growth and cell leakage
The immobilized cells, separated after fermentation, were reused for successive three batches. The biomass of immobilized cells in calcium alginate was determined by dissolving the gel beads in a 4% (w/v) EDTA solution and reading absorbance at 550 nm against a suitable blank in a UV-VIS spectrophotometer (Model No. CE 7250, Cecil Instrument, UK). The corresponding dry weight was obtained from a standard curve of absorbance versus dry weight (Nellaiah & Gunasekaran 1992) . The cells leaked from the gel matrix were collected by centrifugation at 3,000 rpm for 10 min and the biomass was determined likewise. The biomass of free cells was also determined. The fermentation kinetics was studied as per the formulae given by Bailey & Ollis (1986) . 
Statistical analysis
The data of ethanol production and sugar utilization using free and immobilized cells were analyzed using one way analysis of variance (ANOVA). Where significant, difference in ANOVA (p < 0.05) was detected by the Fisher's least significance difference (LSD) multiple comparison test, which was applied to compare the factor level difference. The analysis was performed using MSTAT-C (version 2.0, Michigan State University, MI, USA).
Results and discussion
The main fermentable sugar components of the mahula flowers were glucose and fructose (Swain et al. 2007; Mohanty et al. 2008) . In order to compare the fermentation efficiency, the mahula flowers were fermented with free and immobilized cells of Z. mobilis MTCC 92. The sugar utilization and ethanol production by free and immobilized cells are compared in Figure 2 . In the present study, there was a marginal fall of 5.5% and 4.5% in total sugar concentration over initial content, albeit no production of ethanol up to 24 h of fermentation for both free and immobilized Z. mobilis cells, respectively. The marginal decrease in sugar reserve might be due to its utilization for growth and metabolism of Zymomonas. After 24 h, there was a gradual increase in ethanol concentration over the incubation period with simultaneous decrease in total sugar (Fig. 2) . Similar result was obtained on ethanol production from paper sludge using free and immobilized cells of Z. mobilis (Yamashita et al. 2008) . At the end of 96 h incubation, the ethanol production was 122.9 ± 0.972 and 134.6 ± 0.104 g/kg mahula flowers, respectively, using free and immobilized cells of Z. mobilis. The results showed that there was 79.7% and 77.9% sugar utilization using free and immobilized bacterial cells, respectively, at the end of 96 h of incubation period. However, Jain et al. (2005) reported 96% conversion of fructose into ethanol by κ carrageenan-entrapped Z. mobilis cells. Similarly, Rebros et al. (2005) reported the batch fermentation of immobilized cells of Z. mobilis in glucose media and the conversion yield from glucose into ethanol was approximately 100%. Further in this study, there was 8.7% increase in ethanol concentration from mahula flowers fermented with calcium alginate-entrapped bacterial cell over free cells: Fisher's LSD test, p < 0.05, LSD between treatments of free and immobilized cells is (1.116 and 1.388 (sugar utilization)) and (1.834 and 3.083 (ethanol production)). Swain et al. (2007) reported 6.7% increase in ethanol concentration from mahula flowers fermented with calcium alginate-entrapped yeast (S. cerevisiae) over free cells. In general, 6-12% increase in ethanol production has been reported in immobilized yeast/Z. mobilis cells (entrapped in calcium alginate matrix) over free cell from various substrates such as glucose (Bravo & Gonzalez 1991) , molasses (Sanchez 1996) , cassava starch hydrolysate (Vijayagopal & Balagopalan 1989 ) and sweet potato (Yu et al. 1996) . The advantage of using immobilized cells was that the cells survived and were active on the support used for immobilization for four cycles of fermentation, which could save considerable time and energy. In this study, the immobilized cells were successfully recycled for three more times without much affecting the final ethanol concentration. The cells not only survived but were also active physiologically yielding ethanol 132.7±0.095, 130.5 ± 0.09 and 128.7 ± 0.056 g/kg flowers in 2 nd , 3 rd and 4 th cycles of 96 h fermentation, respectively. Likewise, Yamashita et al. (2008) reported that immobilized Z. mobilis cells entrapped in Ca-alginate gel beads could produce ethanol from paper sludge under repeated batch fermentation conditions. While in the first cycle the ethanol production was 17.9 g/L, it decreased to 5.3 g/L in the fourth cycle. However, there was a gradual but significant decline in ethanol concentration observed after each cycle of operation. In addition, a gradual cell leakage (0.033-0.13 mg/mL) was also observed with each cycle of operation. Further in the first cycle of operation the leakage of cells from immobilized support was negligible (<6%); hence, the observed ethanol production was presumed mainly because of the action of immobilized cells.
The growth and fermentation kinetics of free and immobilized cells were also studied ( Table 1 ). The ethanol concentration (P) obtained with immobilized cells of Z. mobilis (22.425 ± 0.13 g/L) was 8.71% more than that of free cells (20.47 ± 0.189 g/L), where as the volumetric substrate uptake (Qs) was found to be 2.18% more in the case of free cells (0.504 ± 0.004 g/L/h) over immobilized cells (0.493 ± 0.007 g/L/h). The ethanol yield (Yp/s=0.473 ± 0.01 g/g) and volumetric product productivity (Qp = 0.233 ± 0.018 g/L/h) obtained with immobilized cells was found to be 10.57% and 8.58%, respectively, higher than that of Yp/s (0.423 ± 0.004 g/g) and Qp (0.213 ± 0.019 g/L/h) of free cells. Likewise, the final sugar to ethanol conversion rate (%) with immobilized cells was 10.65% more than that of free cells of Z. mobilis. However, the final biomass (X ) concentration in the case of immobilization cells (1.57 ± 0.015 g/L) was considerably lower than free cells (1.85 ± 0.026 g/L), which is useful during product separation and purification process (Diderich et al. 1999) .
Bio-ethanol production from mahula flowers, a renewable forest product with no extra cost for cultivation (except collection, transportation and storage) has an advantage over other sugar crops, such as sugar cane and sugar beet, as these crops are cultivated in fertile agricultural land with substantial input of fertilizers, pesticides and provision for irrigation, which together account for higher cost of ethanol production (Nguyen et al. 2008) . Similarly, the conversion of starchy biomass from cassava (Nellaiah & Gunasekaran 1992; Hu et al 2004 Hu et al , 2006 and sweet potato (Ray & Naskar 2008) involves complicated steps such as liquefaction (conversion of starch to dextrin units) and saccharification (conversion of dextrin units to sugars) (Chandel et al. 2007 ) before fermentation by alcohol-producing bacterial or yeast strains; these steps enhance production cost of ethanol (in terms of energy consumed and extratime period taken) in comparison to ethanol production from sugar crops. Bioconversion of ligno-cellulosic biomass to sugars is a much more complicated process that requires break-down of lignin, cellulose and hemicellulose fractions by application of a variety of physical and chemical methods that include acid or alkali treatment, ammonia and urea, physical grinding and milling, steam explosion and combined alkali and heat treatment (Kadar et al. 2007 ) and/or by biological means, such as fermenting by a consortium of microorganisms or by applying multi-enzyme (cellulase, ligninase, glucosidase) complex using a series of bio-reactors (Murphy & Carthy 2005; Chandel et al. 2007 ). Steam explosion is the most commonly used method for pretreatment of lignocellulosic materials. For production of ethanol from mahula flower, no harsh pre-treatment, i.e. physical and chemical method, is necessary, as it contains very little polymeric sugars. Our observations (not described under Material and Method section) was that there was no difference in ethanol yield between 'steaming mahula flowers at 120
• C for 60 min, making slurry and fermenting with Z. mobilis free cells' or 'directly making slurry and fermenting with Z. mobilis free cells'. In both cases, the ethanol yield was between 120 to 123 g/kg flowers, after 96 h of fermentation. In this context, bio-ethanol from mahula flowers, especially with application of immobilized S. cerevisiae (Swain et al. 2007) or Z. mobilis (the present study), can be highly economical in comparison with either starchy or lignocellulosic biomass.
Conclusion
The results presented here showed that ethanol production from mahula flowers by immobilized cells of Z. mobilis was 8.7% higher in comparison to free cells. In both cases, the peak ethanol concentration was obtained after 96 h of fermentation. Further, entrapment of Z. mobilis cells into calcium alginate matrix is a promising method of cell immobilization for continuous ethanol production.
